The features of electronic structure of La0.7Sr0.3MnO3, Pr0.8Sr0.2MnO3, and Pr0.6Sr0.4MnO3 polycrystalline films of different thickness have been investigated using magnetic circular dichroism (MCD) in the range of 1.1-4.2 eV. The temperature behavior of the samples electrical resistance were also has been studied. It was found that films with high Sr content (0.3 and 0.4) act as hightemperature semiconductors, while the maximum in the temperature dependences of these films resistivity indicates the transition of the samples to the metallic state at some temperature TM-S, which is different for different sample thickness. The films with the lower Sr content (0.2) act as insulators in the used temperature range. The MCD spectra have been decomposed to the Gaussian-shaped lines, and the temperature dependence of intensity of each line has been analyzed in comparison with temperature dependence of the films magnetization and with their electric conductivity type. Different temperature behavior of the intensity of four specified Gaussian-lines was revealed for semiconductor films. In the case of insulating Pr0.8Sr0.2MnO3 samples, the intensity of three specified Gaussian lines changes with the temperature in the same way as the magnetization changed. It was established that the lanthanide (La, Pr) type does not affect the MCD spectra shape for the films with the same electrical conductivity type. Besides, the correlation between the MCD data of the films and their conductivity type was revealed. Due to the detailed analysis of the specified Gaussian lines with taking into account the well-known in the literature absorption bands, lying outside the studied spectral region, the MCD bands for the studied manganite films have been identified with electronic transitions of a different nature.
Introduction
The substituted RE1-xAxMnO3 manganites, where RE is a trivalent lanthanide and A is a divalent alkaline-earth metal (Ca, Sr, Ba et al.), are complex oxides whose magnetic behavior according to C. Zener [1, 2] is due to double exchange interaction between Mn 3+ and Mn 4+ ions. In addition, the manganites are systems with strong correlations between charge, spin, orbital, and lattice degrees of freedom, which leads to their rich phase diagrams [3, 4] . At present, the substituted manganites are payed great attention as research objects in the modern solid state physics. Particular interest to these materials is associated with unique combination of their properties, such as colossal magnetoresistance effect [5] [6] [7] , magnetocaloric effect [8, 9] , charge ordering [10, 11] and spinpolarized tunneling of charge carriers [7, 12] . However, despite the active study of the manganites, the picture of magnetic and electronic states determining macroscopic properties of the samples is not clear, and in order to describe it more fully, theoretical methods are still being searched [13] .
Magneto-optical properties of substituted manganites in the range of 1-5 eV are extremely interesting as an additional source of information about electronic structure features of compounds.
Numerous works deal with the magneto-optical Kerr Effect (MOKE) observed in the reflected light for the La1-xSrxMnO3 manganites (e.g., [13] [14] [15] [16] [17] ). However, the interpretation of the MOKE spectra in terms of electronic transitions is not a trivial task, since the total rotation of these effects is a complex function of the diagonal and off-diagonal components of the permittivity tensor. The results of MOKE measurement depend critically on the quality of the samples surface. Discrepancies observed between MOKE spectral characteristics for La1-xSrxMnO3 (LSMO), namely, the change in the spectrum shape with the change of the sample thickness [14] and concentration of the A 2+ alkaline-earth metal [15] [16] [17] can be associated with the peculiarities of the MOKE measurement. In addition, the dependence of MOKE spectrum shape on the type of rare earth was not discussed in the literature. The temperature dependences of different magneto-optical bands were not investigated before. Thus, there is no information about comparison of the temperature behavior of the magnetization and the magnetooptical bands in the same sample.
Compared to MOKE, the magnetic circular dichroism (MCD) effect is more informative since it is observed directly at the electron transition frequency and described by the dissipative line shape.
The MCD effect is the difference between the absorption coefficients of the right and left polarized (relatively to the magnetic vector direction) light waves (∆k). In order to obtain the expression describing the MCD effect in a homogeneous ferromagnetic, it is necessary to present the complex Faraday rotation (FR) (1) as a sum of real and imaginary parts
where b is a coefficient, ∆n is a difference between the refractive coefficients, and ∆k is a difference between the absorption coefficients. gives an expression for the MCD (4). εxx and εxy are a diagonal and off-diagonal permittivity tensor components, respectively. 
However, it is worthy to note that MCD was seldom used for the study of manganites. In particular, in
Ref. [18] MCD in the epitaxial LSMO (x=0.3) films was studied depending on the temperature and the substrate type. Nevertheless, in Ref. [18] MCD was not considered in terms of electronic transitions.
Recently, we investigated the MCD spectra for the polycrystalline LSMO (x=0.3) films [19] and Pr1−xSrxMnO3 (PSMO, x=0.4 and 0.2) films [20] . In this work, we perform a comparative study of the MCD data for the LSMO (x=0.3) and PSMO (x=0.4 and 0.2) samples and revise the nature of the spectra features. The primary focus is on effect of the lanthanide type and the electrical conductivity type of the samples on the MCD spectra characteristics.
Material and methods
The films were prepared by the dc magnetron sputtering with the "facing-target" scheme [21] .
This scheme allows transferring evaporating material from the target to the substrate without changes in the composition. The stoichiometric single phased LSMO (x=0.3), PSMO (x=0.4) and PSMO (x=0.2) targets were fabricated by the solid-state synthesis from the stoichiometric La2O3 or Pr2O3, SrO, and MnO2 powders. Before sputtering, the residual pressure in the vacuum chamber was 3 × 10 -6 Torr. The operating pressure of the Ar and O2 gas mixture (4:1) was 3 × 10 -3 Torr. Thin films were grown on the Y-oxide stabilized zirconium dioxide (YSZ) substrates. The substrate temperature during sputtering was 750 °C. The film thickness, d, varied for LSMO (x=0.3) from 20 to 90 nm, for PSMO (x=0.4) from 50 to 130 nm, and for PSMO (x=0.2) from 50 to 150 nm, it was controlled by the deposition time and determined ex-situ by the X-ray fluorescence analysis. The analysis of the samples using the Rutherford backscattering method showed that the chemical composition of the obtained films corresponded to the stated above stoichiometry.
The investigation of magnetic properties of the studied films in Refs. [19, 22] showed that the Curie temperature (TC) was ~ 300 K for LSMO (x=0.3), ~ 250 K for PSMO (x=0.4), and ~ 120 K for PSMO (x=0.2). Tc value is lower for films in comparison with their bulk analogues, which can be explained by the displacement of the phase separation boundaries caused by the strain between the lattices of individual crystallites [23] .
The crystal structure and phase purity of the samples were examined by the X-ray diffraction (XRD). The XRD data were collected on the Bruker D8 ADVANCE diffractometer using CuKa kOe. Magnetic field was applied in two orientations: along and normally to the sample plane.
The MCD spectra were measured using the modulation of the light wave from the right-hand to the left-hand circular polarization relatively to the applied magnetic field direction. The modulator was made of a fused silica prism with a glued piezoelectric ceramic element. The MCD measurement technique is described in more detail in Ref. [25] . It should be noted that magnetic field (H) must have the value sufficient to magnetize a sample to saturation in the chosen direction. Because of the limited H value, this condition was not fulfilled while measuring MCD in the LSMO (x=0.3) films at low temperatures, and thus, the MCD temperature dependence was not correct. To overcome this difficulty, we used the oblique incidence of the light beam on the sample (12 0 ) that provided the magnetic saturation of the sample in its plane throughout the temperature range used. In this case, the MCD value was determined by the sample magnetization component along the light beam. In the case of the PSMO (x=0.4 and 0.2) films, the MCD was measured in the normal geometry: the magnetic vector and the light beam were directed normally to the sample plane. The MCD in both cases was measured in the spectral range of 1.1-4.2 eV in the magnetic field up to 3.5 kOe in the temperature range of 100-300 K. The measurement accuracy was about 10 -4 , and the spectral resolution was 0.002-0.006 eV depending on the wavelength. Temperature was measured with accuracy 1 K.
Results and Discussion

Films structure
The XRD patterns for the thickest LSMO (x=0.3), PSMO (x=0.4), and PSMO (x=0.2) films showed large peaks corresponding to the YSZ substrate and a number of relatively narrow peaks with small intensity corresponding in each case to only one phase. The crystal structure of the studied samples was refined within the orthorhombic Pnma space group with lattice parameters and average crystallites size presented in Tables 1-3 
Magnetic circular dichroism
Typical MCD spectra obtained for the LSMO (x=0. observed also in the MCD spectra for the LSMO (x=0.3) films in Ref. [18] . As the temperature decreases, the intensity of both MCD bands increases until the lowest temperature used. In addition, in the case of the LSMO (x=0.3) and PSMO (x=0.4) films, specific MCD value behavior is observed in the region of 2.2-2.5 eV: at some temperature Ts, the MCD value changes its direction (see inserts in
Figs. 1 and 2a). Then, with further temperature decrease, the relatively weak band of the positive sign appears near 2.3-2.4 eV in the MCD spectra for the LSMO (x=0.3) and PSMO (x=0.4) films. In the case of the PSMO (x=0.2) films, a usual temperature variation of the MСD value in this region is observed and an additional band of the positive sign does not arise (Insert in Fig. 2b ). The film thickness does not affect the MCD spectra shape. However, Ts for the LSMO (x=0.3) and PSMO (x=0.4) films decreases with the samples thickness reduction.
Decomposition of the experimental MCD spectra
Since the observed asymmetry of the magneto-optical bands can be caused by a superposition of several absorption lines, the MCD spectra of the samples were decomposed into several Gaussianshaped lines for each temperature. The decomposition was performed on the minimal number of lines.
The Gaussian line amplitude (Δk), position (E), and line width at the half-height (ΔE) were the fitting parameters. In the case of the PSMO (x=0.2) films, we obtained a good fit of the sum of three Gaussian lines with the experimental spectra for all temperatures studied. In the case of the LSMO (x=0.3) and PSMO (x=0.4) films, good enough fittings with the experimental spectra were obtained for the sum of four the Gaussian lines. A typical example is shown in Fig. 3 . Positions of the Gaussian lines are presented in 
Resistivity temperature dependence
Temperature dependences of the resistivity for the LSMO (x=0. (Fig. 4c) . In addition, the samples resistivity behavior does not change when the magnetic field up to 3.5 kOe is applied. The electrical resistivity data of the films are in good agreement with the phase diagrams of their bulk analogs [3, 4] .
The dependence of TM-S temperature on the film thickness can be explained, taking into account the samples structure. It is well known that physical properties of polycrystalline films are sensitive to the lattice strain and grain boundaries [37] [38] [39] . Furthermore, transition temperature TM-S is sensitive to grain boundaries only, since a significantly high scattering on the grain boundaries leads to enhanced resistivity and reduction in the TM-S [37] . Thus, the TM-S shift toward low temperatures, observed in
Figs. 4a and 4b, is explained by the crystallites size decrease with reduction in the films thickness and growth of boundary effects.
Discussion
The MCD spectra shown in Figs. 1 and 2 for the studied LSMO and PSMO films are similar in shape to the MOKE spectra observed earlier for the epitaxial LSMO (x=0.3) films in Refs. [15] [16] [17] .
However, in the cited works, different changes in the MOKE spectrum shape were observed when the film thickness changed. Thus, interpretations of spectral features in the off-diagonal permittivity tensor components calculated for LSMO (x=0.3) from the MOKE spectra varied in different works and still remain controversial. It is also worth noting that due attention was not paid to the spectral band of positive sign near 2.5-2.6 eV.
As noted above, the MCD effect is observed directly on the absorption bands. Besides, we established that the samples thickness does not affect the MCD spectra shape of the LSMO (x=0. As it can be seen in Figs. 5a and b, different temperature dependences of the MCD bands intensity are intrinsic to the semiconductor films. One can highlight the following main points. 1) As the temperature decreases, the E1, E2 and E4 bands intensity increases and their temperature behavior is similar with each other up to some temperature after which the E1 and E2 bands experience a kink (Figs. 5a and b) . Then the intensity of E1 and E2 bands decreases with the temperature reduction.
2)
The intensity of E3 band increases when the temperature decreases (Figs. 5a and b) , however, it obeys another law.
Comparison of the temperature behavior of the E1-E4 bands intensity with the temperature dependence of the semiconductor films magnetization (curves M in Figs. 5a and 5b) is not a simple task. It is known that the temperature behavior of the film magnetization is sensitive to the sample structure [39] . Thus, an observed discrepancy between M temperature dependences of two semiconductor films can be explained by the effect of structural features of the samples. In the case of LSMO (x=0.3), crystallite sizes are larger and they are highly textured in the film plane, while for PSMO (x=0.4), crystallites are significantly smaller and they are oriented randomly in the films plane (Table 1 and 2, respectively).
At the same time, it should be noted that, in the case of the insulating PSMO (x=0.2) films, the form of the temperature dependency of the intensity is identical for all specified MCD bands and corresponds to the temperature dependence of the samples magnetization (Fig. 5c ).
In order to determine the nature of the considered magneto-optical bands, one should pay attention, primarily, to the optical spectra of undoped manganites. For the RMnO3 samples (R=La, Pr, Nd, Gd, Tb) containing only (Mn 3+ O6) 9 complexes, two broad intense bands centered near 2.0 and 4-5 eV were observed in the spectra of the optical conductivity as well as the optical absorption [13, [40] [41] [42] . The nature of the band near 2 eV was discussed by various authors. In the Refs. [13, 40] , which is devoted to the determination of the band structure of LaMnO3, this band was attributed to the interband transitions between occupied and empty eg states belonging to Mn 3+ . It is believed that such a transition is possible due to the hybridization of eg states for the manganese with O2p states. At the same time, the authors studying experimentally optical and magneto-optical spectra of the undoped manganites attributed the band near 2 eV to the spin-allowed crystal-field d-d transition in the Mn 3+ ions [43, 44] . The effect of manganites doping with Sr is the formation of (Mn 4+ O6) 8-octahedral complexes along with (Mn 3+ O6) 9- complexes that leads to the shift of the spectral weight of the optical conductivity to the low energy region [13, 41, 43, 44] . Such a shift was associated in Refs. [43, 44] with both the appearance of additional absorption bands formed by electron transitions in Mn 4+ ions and the screening of the crystal field by the hole density partly localized on surrounding oxygen ions.
The band in the region of 3.2 -3.4 eV was observed only in magneto-optical spectra of doped manganites [15] [16] [17] [18] [43] [44] [45] . The nature of this band was usually associated by different authors either with the Mn 3+ eg→O2p→Mn 4+ eg charge transfer transitions [15, 16] or with the spin-allowed d-d
transitions in Mn 4+ ions [43, 45] .
In the MCD spectra of the studied LSMO and PSMO films three main bands (E1, E2, E4) were determined at the energies presented in Table 4 . According to the cluster model, which considers the effect of the crystal field only, one could associate these bands with the spin-allowed crystal-field d-d 9- octahedral complexes.
The presence of the kink in the temperature dependence of the E1 and E2 bands intensity (Figs. 5a and 5b) for the LSMO (x=0.3) and PSMO (x=0.4) films can be explained by the spectral intensity redistribution between excitations of different nature in the region of 0-2 eV. Rearrangement of the optical conductivity and absorption spectra with the temperature decrease, observed in Refs. [41, 47, 48] for lanthanum and neodymium manganites, argues for this assumption. The spectral weight transfer from the higher energy (above 1 eV) to the lower energy (below 1 eV) occurred when these materials were cooled below their Tc and were in the metallic state. Different authors explain the observed spectra rearrangement in a different way. In Ref. [47] it was assumed that the dominant broad peak near 1.2 eV in the optical conductivity spectrum of the neodymium manganite is associated with the Mn 3+ eg→O2p→Mn 4+ eg charge transfer transition. At the same time, it was shown that the change in the spectrum at the temperature decrease agrees with the model, which includes both the doubleexchange and the dynamic Jahn-Teller effect. In Refs. [41, 48] the optical band near 1.5 eV was associated with the interband transitions between the exchange-split conduction band consisting of the eg states (probably, with Mn 3+ ions participation only) hybridized strongly with the O2p states.
Additionally, the spectral weight shift with temperature decrease was interpreted as a transition from the interband excitations to the intraband ones. In particular, in Ref. [41] there was noted that the intraband part contains incoherent ω-independent broad structure, and a sharp coherent Drude peak with anomalously low spectral weight. Besides, the authors pointed the complex nature of the lowenergy edge of the optical spectra and suggested possible strong carrier scattering, dynamical JahnTeller effect, and an orbital degree of freedom in the eg conduction state. However, similar behavior was not observed in the optical conductivity spectrum of the insulating ferromagnetic LSMO (x=0.1) [41] . In the case of the insulating PSMO (x=0.2) films, there is also no kink in the temperature dependence of the E1 and E2 bands intensity. Thus, the obtained data indicate that there is correlation between optical (magneto-optical) properties of the manganites in the region of 1-2 eV and their conductivity type.
It is remarkable that the MCD band with the positive sign centered near 2.3-2.4 eV (E3) also correlates with the conductivity type of the studied films. The E3 band is not observed in the MCD spectra for insulating PSMO (x=0.2) but is typical for the LSMO (x=0.3) and PSMO (x=0.4) samples, which exhibit the transition to the metallic state at TM-S temperature (Figs. 2 and 4) . Correlation data between the E3 band and TM-S transition temperature are presented in Table 5 for the LSMO (x=0. 3) and PSMO (x=0.4) films of different thickness. Despite the ambiguity of obtaining and interpreting the MOKE effect data, it is worth noting that a similar band of positive sign near 2.5-2.6 eV was observed earlier in a MOKE spectrum and a spectrum of the off-diagonal component of the permittivity tensor for the LSMO (x=0.3) [15] [16] [17] . In Ref. [15] , in accordance with the band structure calculations, this band was associated with the t2g→O2p→eg interband transitions, probably, with the Mn 4+ ions participation. For the insulating LSMO with weak hole doping (x=0.07) there is no this band in the MOKE spectrum [43] . Thus, an appearance of the E3 band in the magneto-optical spectra is associated obviously with a change in the band structure of the doped manganites, when the contribution of free charge carriers becomes predominant.
It is important to note that in the MOKE and MCD spectra for LSMO (x=0.3) three bands of positive sign are in the range of 1-5 eV [15] [16] [17] [18] , namely, one is in the range of 1-1.5 eV, second is in the range of 2.3-2.6 eV and third is in the range of 4-4.5 eV. Second of these bands is observed in the MCD spectra for the LSMO (x=0.3) and PSMO (x=0.4) films in the present study and defined as the E3 band. If we apply literary data to the MCD spectra observed in the present study, then we can expect two positive MCD band, namely, one at the energy lower than E1 and one at the energy higher than E4. Taking into account different interpretations of the nature of optical and magneto-optical bands, which are presented in Refs. [13, 15, 40, Nature of all specified MCD bands and the possible additional bands of positive sign taken from Refs. [15] [16] [17] [18] is presented in Table 6 for the studied LSMO and PSMO films. Finally, it is worth noting that the MCD spectra shape as well as temperature dependences of the MCD bands intensity are very close for the LSMO (x=0.3) and PSMO (x=0.4) films with different lanthanide ions and distinguish noticeably for the insulating PSMO (x=0.2) film. Thus, the lanthanide type does not affect the MCD spectra shape for LSMO (x=0.3) and PSMO (x=0.4) films with the same electrical conductivity type. The spectra for such samples vary at different Sr content, namely, the magnetooptical bands shift to the lower energies at higher Sr content in the sample. This behavior is quite natural and can be explained by the higher hole density in the sample. 
Conclusion
The crystal structure, spectral (in the range of 1.1-4. (x=0.4) films different temperature dependencies of the intensity for four specified MCD bands (Gaussian lines) were established, and it was shown that the lanthanide type does not affect the MCD spectra shape. The spectra for these samples vary at different Sr content, namely, the MCD bands shift to the lower energies at higher Sr content in the film. This behavior was explained by the higher hole density in the sample. For the insulating PSMO (x= 0.2) films it was found that the intensity of three specified MCD bands changes with the temperature in the same way as the magnetization changes.
Three negative sign MCD bands, which is characteristic for all studied films, were determined 
